Enhancing the chemical transformation of Candida parapsilosis by Németh, Tibor Mihály et al.
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=kvir20
Virulence
ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/kvir20
Enhancing the chemical transformation of Candida
parapsilosis
Tibor Németh, Joshua D. Nosanchuk, Csaba Vagvolgyi & Attila Gacser
To cite this article: Tibor Németh, Joshua D. Nosanchuk, Csaba Vagvolgyi & Attila Gacser (2021)
Enhancing the chemical transformation of Candida￿parapsilosis, Virulence, 12:1, 937-950, DOI:
10.1080/21505594.2021.1893008
To link to this article:  https://doi.org/10.1080/21505594.2021.1893008
© 2021 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.
View supplementary material 
Published online: 17 Mar 2021.
Submit your article to this journal 
Article views: 424
View related articles 
View Crossmark data
RESEARCH PAPER
Enhancing the chemical transformation of Candida parapsilosis
Tibor Németha, Joshua D. Nosanchukb,c, Csaba Vagvolgyia, and Attila Gacser a,d
aDepartment of Microbiology, Faculty of Science and Informatics, University of Szeged, Szeged, Hungary; bDivision of Infectious Diseases, 
Department of Medicine, Albert Einstein College of Medicine, Bronx, New York, USA; cDepartment of Microbiology and Immunology, Albert 
Einstein College of Medicine, Bronx, New York, USA; dMTA-SZTE Lendület Mycobiome Research Group, University of Szeged, Szeged, 
Hungary
ABSTRACT
Candida parapsilosis is a leading cause of invasive mycoses and the major cause of nosocomial 
fungaemia amongst low and very low birth weight neonates. However, the molecular and 
physiological characteristics of this fungus remain understudied. To advance our knowledge 
about the pathobiology of this pathogen, we sought to develop and validate an effective method 
for chemical transformation of C. parapsilosis. Chemical transformation is the primary procedure 
for introducing foreign DNA into Candida yeast as it requires no special equipment, although its 
performance efficacy drops rapidly when the size of the transforming DNA increases. To define 
optimal conditions for chemical transformation in C. parapsilosis, we selected a leucine auxotroph 
laboratory strain. We identified optimal cell density for transformation, incubation times, inclusion 
of specific enhancing chemicals, and size and amounts of DNA fragments that resulted in 
maximized transformation efficiency. We determined that the inclusion of dimethyl sulfoxide 
was beneficial, but dithiothreitol pretreatment reduced colony recovery. As a result, the modified 
protocol led to a 20–55-fold increase in transformation efficiency, depending on the size of the 
transforming fragment. We validated the modified methodology with prototrophic isolates and 
demonstrated that the new approach resulted in the recovery of significantly more transformants 
in 5 of 6 isolates. Additionally, we identified a medium in which transformation competent yeast 
cells could safely be maintained at −80°C for up to 6 weeks that reduces laboratory work and 
shortens the overall procedure. These modifications will significantly aid further investigations 
into the genetic basis for virulence in C. parapsilosis.
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Fungal infections represent a global medical threat with 
nearly one billion cases occurring annually worldwide. 
Out of these, approximately 150 million infections 
represent serious conditions and 1.6 million are fatal. 
Candida species are responsible for the vast majority of 
hospital acquired systemic fungal infections with 
C. albicans being the most frequently encountered spe-
cies followed by C. glabrata, C. parapsilosis, C. tropicalis 
and C. krusei [1]. Over millennia, these species have 
gained specific properties to persist in/on the host and 
cause a disease, particularly in the setting of 
a compromised host immune system. Amongst these 
species, C. parapsilosis tends to infect primarily low and 
very low birth weight infants and can be even asso-
ciated with outbreaks in neonatal intensive care units 
[2–5]. The yeast is also common in hospitalized adult 
patients with compromised immunity. C. parapsilosis is 
also notorious for its capacity to adhere to foreign 
material in patients [6]. Several virulence related attri-
butes of C. parapsilosis have been discovered and char-
acterized, and the publication of genomes and 
development of improved gene targeting techniques 
are poised to rapidly expand our understanding of the 
pathobiology of this yeast [7–12].
In C. parapsilosis three methods have been applied for 
introducing foreign DNA into the cell: biolistics, electro-
poration and the single stranded DNA/Li-acetate/PEG 
method, also known as chemical transformation [13,14]. 
In contrast to biolistics and electroporation, chemical 
transformation requires no special equipment, which 
makes this technique easy to apply and popular. The 
current protocol for transforming C. parapsilosis relies 
on methods applied for Saccharomyces cerevisiae [13,15]. 
In brief, C. parapsilosis cells are grown until a dedicated 
density, washed, then suspended in 1x TE/100 mM 
lithium-acetate (1x TELioAc) mixed with ssDNA, the 
transforming DNA and 3350 molecular weight 
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polyethylene glycol (PEG3350) dissolved in 1x TELioAc 
(PLATE). After overnight incubation at 30°C, the cells are 
exposed to high temperature for a short period followed 
by regeneration and then plating onto the given selective 
media [11]. Although this approach has been used to 
generate mutants in large scale in our labroatory, we 
often struggle to gain sufficient numbers of transformants 
[16,17]. Our results are in line with observations of other 
authors who reported that the number of transformants 
of a distinct C. parapsilosis strain lags behind C. albicans 
when chemical transformation is applied, and the efficacy 
drops rapidly when the size of the foreign DNA increases 
[18]. A successful transformation requires the generation 
of at least one mutant strain with the appropriate genetic 
alteration. However, in order to validate biological func-
tion with great confidence, multiple confirmed mutant 
strains are required. Furthermore, when comparing the 
efficiency of original and optimized or new techniques or 
methods, low numbers of transformants hampers ade-
quate statistical analysis. These issues become even more 
challenging during the introduction of multiple fragments 
into a cell.
Given the absence of corresponding data in the 
literature on how to improve the competence of 
C. parapsilosis cells, we sequentially tested numerous 
parameters and optimized methods using a leucine 
auxotroph laboratory strain (CPL2) to define a more 
effective alternative protocol for C. parapsilosis trans-
formation. Through experimental testing, we found 
that the transformation efficiency in CPL2 increased 
by one to two orders of magnitude depending on the 
size of the transforming DNA. We also found that 
competent cells could be frozen for at least two months 
with only minor loss of competence for transformation, 
which significantly decreases the overall time required 
for subsequent transformations. Prototroph isolates 
were also subjected to the newly developed protocol 
and the new method significantly enhanced transfor-
mant recovery in five of the six isolates tested. Hence, 
our new transformation process represents an impor-
tant advance in the study of C. parapsilosis biology.
Materials and methods
Oligonucleotides used in this study
Oligonucleotides used in this study are listed in 
Supplementary Table S1.
Strains used in this study
For transformation optimization, the leucine auxotroph 
laboratory strain of Candida parapsilosis (CPL2) was 
used (leu2Δ::FRT/leu2Δ::FRT, his1Δ::FRT/his1Δ::FRT, 
frt::CdHIS1. Prototroph isolates CDC317, CLIB214, 
GA1, CBS 1954, CBS 2211 and CBS 6318 were used 
to validate the new methodology [19] [7,10,20]. For 
plasmid construction, genomic DNA of Candida albi-
cans SC5314 was utilized. Plasmids were propagated in 
Escherichia coli 2T1.
Plasmid generation
For this study, the plamids pNRVL-LEU2 (pN-L) and 
pNRVL-caSAT1 (pN-S) were applied [17]. To gain 
derivatives of these plasmids encoding the fragments 
used for transformation, genomic DNA of Candida 
albicans SC5314 was amplified using the primers 
DifLen4kb_REV/DifLen6kb_REV/DifLen8kb_REV/ 
DifLen10kb_REV along with the universal primer 
DifLen_FOR. Amplicons and plasmids pN-L and pN- 
S were digested with BssHII and ligated to gain pN-L-4/ 
6/8/10kbp and pN-S-6/10kbp respectively. The acces-
sion numbers are presented in Supplementary Table S1.
Preparation of the transforming fragment
Plasmids carrying the transforming fragment were iso-
lated using GeneaidTM Midi plasmid kit according to 
the manufacturer’s instructions. To release the trans-
forming fragments, StuI digestion occurred with over-
night incubation, then the fragments were precipitated 
with isopropanol and washed with 70% ethanol. This 
procedure results in two fragments, the plasmid back-
bone and another sequence that is reffered to as the 
“transforming fragment/cassette” or “recombining 
sequence” hereafter. Pellets were air dried, dissolved 
in sterile LonzaTM AccuGENETM water and assayed 
on 0.8% (m/V) agarose gel to determine concentration 
and integrity. Proper concentrations of the transform-
ing fragment were set up in a final volume of 10 µl 
using sterile LonzaTM AccuGENETM water.
Growth conditions
Fungal strains were stored in YPD containing 20% (V/V) 
glycerol at −80°C and routinely maintained on solid YPD 
medium containing (1% (m/V) glucose (Biolab), 1% (m/ 
V) peptone (Sigma), 0.5% (m/V) yeast extract (VWR), 
2% (m/V) agar (Sigma)) and stored at 4°C. Fungal strains 
were inoculated in YPD liquid media one day before the 
transformation, and cultivated overnight in an orbital 
shaker (~ 150 rpm) at 30°C. Cultivation for the transfor-
mation was carried out in YPD media.
When pN-L or its derivatives were applied, transfor-
mants were selected on minimal media containing 
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0.19% (m/V) yeast nitrogen base (Sigma), 2% (m/V) 
glucose (Biolab), 2% (m/V) agar (Sigma) supplemented 
with drop out media (without histidine and leucine) 
(See Supplementary Table S1) and cultivated at 30°C 
for three days [11]. Upon application of the derivatives 
of pN-S, selection was performed on YPD solid media 
containing 200 µg/ml nourseothricin (Jena Bioscience) 
and plates were incubated at 30°C for two days. All 
media for maintenance or cultivation of fungal strains 
were supplemented with 100 unit/ml penicillin/strepto-
mycin (Sigma) solution.
E. coli 2T1 strain was cultivated in/on LB media (1% 
(m/V) NaCl (Biolab), 1% (m/V) tryptone (VWR), 0.5% 
(m/V) yeast extract (VWR) and additionally 2% (m/V) 
agar (Sigma) for solid media). For selection, the media 
was supplemented with kanamycin (Sigma) in a final 
concentration of 50 µg/ml.
Solutions
PEG solution of 3350 or 4000 molecular weight 
(Sigma), 1 M lithium-acetate (Sigma) and 10x TE 
were freshly prepared on the day of the transformation 
and autoclaved separately. 10x TE was set up by com-
bining 0.5 M EDTA (Sigma) (pH = 7.5 or pH = 8) and 
2 M tris(hydroxymethyl)aminomethane (pH = 8) 
(Sigma). These solutions were replaced on a three 
month basis. For the solutions and the washing steps 
sterile Milli-Q® bidistilled water was applied. Sterilized 
10x TE and 1 M lithium-acetate was used to prepare 1x 
TELioAc (1x TE, 0.1 M lithium-acetate). PLATE solu-
tion was prepared by combining 50 or 55% (m/V) 
PEG3350 or PEG4000, 10x TE and 1 M lithium-acetate 
in a final concentration of 1x TE and 0.1 M lithium- 
acetate. Sterile dimethyl sulfoxide (DMSO) (Sigma) was 
mixed with PLATE solutions in a ratio of 1:10 to gen-
erate +DMSO/PLATE. Transforming fragments were 
dissolved in LonzaTM AccuGENETM water.
Transformation
The experimental setup involved the recently described 
pNRVL-LEU2 (pN-L) and pNRVL-CaSAT1 (pN-S) 
and their derivatives. These plasmids encode 
a replacement cassette, that can be released by 
StuI digestion and targets the intergenic region 
CpNEUT5L [17]. In the case of pN-L, the transforming 
cassette encodes only the LEU2 gene and regulator 
sequences from Candida maltosa (CmLEU2) flanked 
by the target sequences, which complements the leucine 
auxotrophy of C. parapsilosis leu2−/- (CPL2) laboratory 
strain. We chose this small fragment for the optimiza-
tion (3,214 bp) to reduce the potential bottlenecks of 
the transformation, and, additionally, using an auxo-
trophy complemention approach rather than 
a dominant selectable marker provides other advan-
tages in terms of expense and practicality, since it 
requires less time for regeneration after heat shock. 
To test the protocol in prototrophic isolates, derivatives 
of pN-S were generated carrying CaSAT1, which con-
fers resistance against the antibiotic nourseothricin. 
Characterization of the transformation efficiency was 
achieved by generating derivatives of pN-L and pN-S 
encoding 4; 6; 8 and 10 kbp long transforming 
cassettes.
The optimization procedure was implemented based 
on the protocol of Holland et al. [11] (See original 
protocol in Supplemental material 1). All the experi-
ments were performed in triplicates. In our first experi-
ment an overnight culture of CPL2 was used to set the 
initial density to OD600 0.1 and cells were cultivated 
until OD600 0.7; 1; 1.5 or 2 were achieved prior to 
harvesting. Competent cell preparation was managed 
by collecting and washing the cells with half a volume 
of sterile bidistilled water at room temperature (2000 
x g, 5 min). Pellets were washed with 1 ml 1x TELioAc 
(17.000 x g, 1 min), suspended in 1 ml 1x TELioAc and 
incubated at 30°C for 30 minutes. Then, samples were 
divided in half into 1x TELioAc containing either 
dithiothreitol (DTT) (Sigma) in a final concentration 
of 7% (V/V) or distilled water instead of DTT (as 
a control). Samples were incubated with shaking 
(~150 rpm) for 30 minutes at 30°C. Cells were collected 
and washed with 1 ml 1x TELioAc (17.000 x g, 1 min), 
suspended in 200–200 µl 1x TELioAc, and 50–50 µl of 
competent cells were mixed with 100 µg boiled then ice 
cooled salmon sperm DNA (10 µl) and 900 ng of the 
3,214 bp CmLEU2 fragment (10 µl). The transforma-
tion mixture was incubated for 30 minutes at 30°C 
without shaking and then gently mixed with PLATE 
solution prepared with PEG3350 or PEG4000 and supple-
mented with 9% (V/V) DMSO or water and incubated 
overnight. After heat shock (44 °C, 15 min), cells were 
collected, washed with 950 µl YPD (17.000 x g, 1 min), 
suspended in 300 µl YPD and shaken (~150 rpm) at 30° 
C. After two hours, the samples were spun down and 
placed on ice for 10 minutes to avoid further cell divi-
sion, and then plated onto selective media.
The 3,214 bp pN-L fragment was used in the follow-
ing experiments, unless otherwise stated. The effect of 
dilution was investigated by setting the OD600 of CPL2 
to 0.1 and cultivating the cells to OD600 0.7; 1; 1.5; 2 
(~150 rpm) at 30°C. When cultures reached the dedi-
cated densities, they were either diluted to 0.7 before 
harvesting or left undiluted to compare the effect of 
dilution on competence. The cells were washed, 
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suspended in 1x TELioAc, then mixed with the ssDNA 
and the transforming DNA, and then incubated for 
30 minutes at 30°C. PLATE(3350) solution with either 
9% (V/V) DMSO or with the same amount of distilled 
water was added and gently mixed, all other steps were 
performed as described before.
The effect of the length of the 1x TELioAc exposure 
was characterized by cultivating the cells from OD600 
0.1 to 1.34 in YPD, then 2.73 ml of culture/transforma-
tion was used. The cells were collected and washed with 
distilled water and 1x TELioAc. Competent cells were 
incubated for 0, 10, 30, 60 or 120 minutes in 1x 
TELioAc at 30°C without shaking. Compentent cells 
were added to ssDNA/transforming DNA and left for 
30 minutes at 30°C without shaking, and then gently 
mixed with PLATE(3350) supplemented with 9% (V/V) 
DMSO (+DMSO/PLATE(3350)). The remainder of the 
steps were not changed. Competent cells were culti-
vated and harvested as described above, but cells were 
immediately mixed with ssDNA/transforming DNA 
and incubated for 0, 10, 30, 60 or 120 minutes at 30° 
C without shaking before addition of +DMSO/PLATE 
(3350) solution. The rest of the steps were unchanged. 
To define the optimal amount of ssDNA, a twofold 
dilution series ranging from 0–32 µg/reaction was pre-
pared from boiled then ice cooled salmon sperm DNA. 
Cultivation and all other steps were performed as 
described above except that +DMSO/PLATE(3350) 
solution was added immediately after mixing compe-
tent cells with ssDNA/transforming DNA. OD600 of the 
starting cultures were set to 0.05, 0.1, 0.2 or 0.3 to 
determine optimal initial cell density. All other steps 
were performed as described above. In subsequent 
experiments, the starting OD600 was set to 0.05. 
A twofold dilution series was prepared using the 
StuI digested pN-L fragment ranging from 112 ng (53 
fmol) to 7,200 ng (3,392 fmol) to characterize how the 
transformation efficiency depends on the amount of the 
transforming DNA, and other parameters were left 
unchanged. The size dependency of the DNA uptake 
was investigated by using fragments of 3.2; 4; 6; 8 or 10 
kbp, whose concentration was either 900 ng/reaction or 
normalized to 424 fmol/reaction as 900 ng of the 3.214 
bp fragment equals to 424 fmol therefore this latter 
dimension preserves the CFU:DNA ratio independently 
of the fragment size. The competence was investigated 
over a wide range regarding the fragment size and 
concentration by applying a twofold dilution series of 
4; 6; 8 or 10 kbp fragments from 53 fmol to 3392 fmol/ 
reaction. All the other steps were performed as 
described above. To test the necessity of keeping the 
cells cooled during preparation, cultures were divided 
in half after cultivation. One of them was processed 
according to our optimized protocol (at room tempera-
ture) and the other was handled at 4°C (centrifugation) 
with ice-cold water and 1x TELioAc throughout the 
whole process until the addition of +DMSO/PLATE 
(3350), after which all steps were left unchanged. To 
test how the presence of +DMSO-PLATE(3350) solu-
tion influences the uptake of the transforming DNA, 
the transformation reactions generated as described 
above were exposed to heat shock immediately and 3; 
6; 9; 12; 15 hours after addition of +DMSO/PLATE 
(3350). For optimizing the length and temperature of 
heat shock C. parapsilosis, cells were transformed with 
StuI digested pN-L as above with 15 hours of incuba-
tion in +DMSO/PLATE(3350) and then were placed 
into a waterbath set to 40, 42, 44, 46 or 48°C for 6, 9, 
12, 15, 18 or 21 minutes.
To confirm the efficiency of the modified protocol 
over the original recipe, StuI digested pN-L-6, pN-L-10 
and pN-S-6, pN-S-10 were used to transform the CPL2 
strain and six prototroph isolates of C. parapsilosis, 
respectively, and a no DNA setup was applied as 
a control. Please note that, as CaSAT1 selectable marker 
is shorter than CmLEU2, consequently the sizes of the 
fragments with the dominant selectable marker are 
smaller as well, 5,657 bp and 9,677 bp respectively. 
The amount of the recombining sequence was 1–1 µg/ 
transformation.
For all transformation experiments, three individual 
experiments were performed with two statistical paral-
lels per experiment.
Storage of competent cells
Two methods were tested for depositing chemically 
competent C. parapsilosis cells. The first one was 
based on the experiences with S. cerevisiae and utilized 
5% (V/V) DMSO (Sigma) and 10% (V/V) glycerol 
(Sigma), whereas the second was developed for 
Schizosaccharomyces pombe and used 30% (V/V) gly-
cerol (Sigma) alone [21,22]. The 10 kbp fragment with 
the CmLEU2 marker was used to transform the CPL2 
strain. A large batch of competent cells was prepared 
according to our protocol until the step for adding the 
cells suspended in 1x TELioAc to the ssDNA/trans-
forming DNA mixture. Instead, the suspension was 
divided in two, collected and suspended in the two 
different freezing mediums. 50–50 µl aliquots of the 
two suspensions were pipetted into microcentrifuge 
tubes and placed into either a styrofoam box lined 
and covered with multiple layers of paper towels to 
provide additional insulation [21] or were put directly 
into a cardboard microcentrifuge box, covered with two 
layers of textile towel [22]. Both boxes were placed 
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directly into and stored in a − 80°C freezer. For testing 
on multiple days, several microcentrifuge tubes were 
prepared from both setups for assessing transformation 
and viability. As a control, aliquots before freezing were 
spread onto non selective media or transformed. 
Frozen samples were thawed after one day or 2, 4, 6 
and 8 weeks. Vials were placed into a 30°C waterbath 
for 15 sec, then gently flicked and placed back in the 
waterbath for another 15 sec. Cells were gently spun 
down and added to the ssDNA/transforming DNA 
mixture. The rest of the steps were performed accord-
ing to our modified protocol.
Software
Heatmaps were generated with PermutMatrix v1.9.3 
[23], sequences were edited with ApE – A plasmid 
Editor v2.0.51, pictures were composed with GNU 
Image Manipulation Program v2.8.18. Statistical ana-
lyses, colony number prediction and curve generation 
(for Dilution experiment) were performed with 
GraphPad PRISM v6.01. Data is presented as mean 
and SEM. Statistical significance was determined by 
unpaired t tests with Welch’s correction (* p < 0.05; 
** p < 0.01; *** p < 0.001; **** p < 0.0001). Colony 
numbers and significance are summarized in 
Supplementary Table S2-14.
Results
Effect of OD600, dimethyl sulfoxide (DMSO), 
dithiothreitol (DTT) and polyethylene-glycol (PEG)
First, we tested how the optical density of 
C. parapsilosis cultures affects the transformation effi-
ciency, since the available protocols for Candida trans-
formation differ in the OD600 values prior to harvesting 
[11,24,25]. We examined OD600 ranging from 0.7 to 
2.0. As PEG was essential for chemical transformation 
in related yeast species [26] and work in Candida 
species have utilized 3350 and 4000 molecular weight 
of PEG [27,28], we tested PEG3350 and PEG4000 in our 
experiments. We also tested how the presence or 
absence of DMSO, a polar aprotic solvent, applied 
before heat shock alters the efficiency of transformation 
as the literature indicates that the solvent may increase 
DNA uptake by S. cerevisiae and C. albicans [28–30]. 
Additionally, we also tested if pretreatment with dithio-
threitol (DTT), a reducing agent, alters transformation 
efficiency.
DTT had an adverse effect on the DNA uptake 
irrespectively of the rest of the parameters 
(Supplementary Figure S1). Figure 1a demonstrates 
the numbers of transformants recovered under the 
different conditions tested in the absence of DTT. In 
the presence of DMSO the peak of the curves was at 
OD600 of 1, while in its absence the peak occurred at an 
OD600 of 1.5. In the presence of DMSO, the transfor-
mation sequentially declined from OD600 1 to 1.5 to 2. 
In contrast, when DMSO was omitted, OD600 1.5 and 2 
conditions significantly outperformed the lower cell 
densities except for PEG4000 at OD600 of 2, where no 
significant difference was established. When DMSO 
was applied, the addition of PEG3350 led to the recovery 
of more transformants compared to PEG4000 at OD600 
0.7 and 1, while at OD600 of 1.5 and 2 the two PEG 
conditions were similar (p = 0.39 and p = 0.70, respec-
tively). Without DMSO, PEG3350 produced significantly 
more transformants compared to PEG4000, and the 
numbers at an OD600 1.5 were similar to that of 
DMSO medium with PEG3350 (p = 0.76).
Dilution
Since the cell numbers in Figure 1a were aliquots 
directly from cultures with different OD600, variations 
in transformation efficiency could be directly releated 
to cell density or due to differences in cell structures 
and replication rates of the cells of various ages. To 
explore this issue, we normalized the cell numbers in 
OD600 1, 1.5 and 2 to OD600 0.7. Since PEG3350 out-
performed PEG4000, PEG3350 was used with or without 
DMSO and without DTT pretreatment. Figure 1b 
shows the numbers of transformants with or without 
DMSO under conditions where cell numbers were nor-
malized to OD600 0.7. The presence of DMSO with 
normalized cell densities produced the highest numbers 
of transformants and resulted in the normalized OD600 
1.5 outperforming the other conditions, althought it 
was not significantly different from OD600 1 
(472.7 ± 13.6 vs 448.0 ± 8.5; p = 0.21). The absence of 
DMSO similarly resulted in OD600 1.5 producing the 
highest numbers of transformants (299.0 ± 18.9).
For the normalized densities in the presence of 
DMSO, the number of transformants followed 
a Gaussian-like distribution in terms of OD600 depen-
dency. The built in „Curve generation” feature of Prism 
software allowed us to fit a curve onto this graph to 
determine the highest point of this curve (referring the 
most transformants) and the OD600 value where this 
could be achieved. This was established at OD600 1.34, 
where the calculated number of colonies was approxi-
mately 487. According to this, we harvested the cells at 
OD600 1.34 ± 0.05 in the remaining experiments and 
used a PLATE(3350) solution containing 9% (V/V) 
DMSO (+DMSO/PLATE(3350)). We also took into 
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account the „dilution factor”. The initial volume of the 
cultures used for transformation was 45 ml, which was 
sufficient for eight transformations. Thus, for 
a suspension of OD600 0.7 using a culture of OD600 
1.34, the YPD:suspension target ratio was 515:485, 
which represents 2.73 ml of the original culture for 
one transformation reaction. To avoid dilutions in the 
rest of the experiments for this study, we used 2.73 ml/ 
transformation from the culture of OD600 1.34 ± 0.05 
suspension. We scaled down the first washing step 
accordingly, but otherwise followed the rest of the 
steps.
TELioAc and PLATE incubation
The duration of exposure to lithium-acetate can signif-
icantly impact transformation efficiency in yeast [28]. 
Hence, we investigated if the length of TELioAc expo-
sure and the incubation of cells with ssDNA and the 
transforming fragment altered DNA uptake. 
Transformants were achieved with exposures to 1x 
TELioAc for 0, 10, 30, 60 or 120 minutes while keeping 
other steps of the process unchanged (Supplementary 
Figure S2). We found that immediate addition of the 
cell suspension to the ssDNA/transforming DNA mix-
ture yielded the most colonies (502.7 ± 14.4) that was in 
line with the protocol of Holland and coworkers [11]. 
Interestingly, a 60 minute exposure produced 
the second highest, but significantly lower yield 
(421.3 ± 11.22; p = 0.0129). We next assessed the effects 
of incubation duration with ssDNA/transforming frag-
ments. Figure 1c shows the recovery of transformants 
using the time 0 1x TELioAc mixture incubated with 
the ssDNA/transforming fragments for 0, 10, 30, 60 or 
120 minutes. Interestingly, the shape of the curve was 
very similar to that achieved with 1x TELioAc. 
Immediate combination of the 1x TELioAc and 
ssDNA/transforming fragments with the +DMSO/ 
PLATE(3350) resulted in the most transformants 
(564.0 ± 15.6) though the recovery efficiency achieved 
with a 60 minute incubation was similar (560.7 ± 11.6; 
p = 0.87). Hence, we found that the immediate mixture 
of competent cells with the transforming DNA/ssDNA 
solution followed by the immediate addition to 
Figure 1. Dependency of the transformation efficiency on the cell density and competent cell preparation parameters. 900 ng of 
a replacement cassette of 3,214 bp was applied in each reaction. Cells were cultivated in YPD until OD600 0.7; 1; 1.5; 2, collected and 
mixed with PLATE solutions prepared from PEG3350 (PLATE(3350)) (circles) or PEG4000 (PLATE(4000)) (rectangles) with or without 9% 
(V/V) DMSO (green and red symbols respectively). (Panel A). Cells were grown under the same conditions but density was 
normalized to either OD600 0.7 (triangles) or left undiluted (circles) and competent cells were mixed with PLATE(3350) with 9% 
(V/V) DMSO (green curves) or distilled water instead (red curves). The optimum was calculated and determined as 1.34 (dotted curve 
and vertical line) according to GraphPad Prism software (Panel B). Cells were prepared according to the optimized parameters and 
cells suspended in 1x TELioAc were immediately mixed with ssDNA/transforming DNA then incubated over a range of 
0–120 minutes (Panel C). The initial cell concentration was set to four different values ranging from OD600 0.05 to 0.3. 
Competent cells were prepared as optimized so far (Panel D). Data are presented as the average and SEM of three independent 
biological parallels.
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+DMSO/PLATE(3350) was the simplest and most 
effective method for transforming C. parapsilosis.
Single stranded DNA
Single stranded carrier DNA (ssDNA) is introduced to 
competent cells to 1) mask the charge of the fungal cell 
wall and aid the delivery of the transforming DNA into 
the cytoplasm and 2) oversaturate endogenous 
nucleases of the cell in order to avoid degradation of 
the transforming DNA [15,31]. Thus, we investigated if 
the quantity of ssDNA applied altered the transforma-
tion efficiency.
The transformation efficiency was dependent on the 
amount of the ssDNA and that the increased doses 
assessed resulted in a saturation curve in the range of 0 
to 320 µg/reaction (Supplementary Figure S3). In the 
absence of ssDNA, we generated 149.3 ± 6.6 colonies. 
The highest number of transformants recovered occurred 
with 320 µg salmon sperm DNA (537.3 ± 7.1), but this 
was similar to that achieved with 160 µg (526.0 ± 3.5; 
p = 0.25). We used Prism for “Curve generation” and 
determined that the average number of the transformants 
at 100 µg of salmon sperm DNA would be ~510 colonies. 
To increase the number of the transformants from ~510 
(100 µg carrier DNA) to ~537 (320 µg carrier DNA) 
would require a 3.2-fold increment in the amount of 
the ssDNA, while it leads to only 5.3% rise in the trans-
formation efficiency. Thus, we decided the salmon sperm 
DNA 100 µg/reaction as suggested in the protocol of 
Holland and coworkers [11] was appropriate for our 
methodology.
Initial OD
The protocols in the literature for chemical transforma-
tion of Candida species differ in the value where the 
absorbance of the initial suspension should be set 
[11,25]. Figure 1d details the impact of the initial 
OD600 on transformation efficiency depends on the 
initial OD600. The efficiency of DNA uptake was great-
est at OD600 0.05 (582.0 ± 8.1) and the numbers of 
recovered transformants decreased significantly 
(p < 0.05) as the OD600 increased. Compared to 
OD600 0.05, the increased densities were 6.4%, 26.5% 
and 30.5% lower, respectively. Therefore, we identified 
OD600 of 0.05 in most appropriate density for 
C. parapsilosis transformation.
DNA amount and size
It is a general observation that more DNA leads to 
more transformants. Figure 2a characterizes how 
C. parapsilosis transformation efficiency depends on 
the amount of the transforming DNA when the 3,214 
bp fragment is applied. We found that the number of 
the transformants approximately fit on a line, such that 
doubling the amount of the transforming DNA results 
in a significant increase in the number of the transfor-
mants by nearly the same extent (+133.6 ± 18.0 trans-
formants/duplication). The number of transformants 
ranged from 148.0 ± 10.6 using 112 ng/53 fmol to 
949.3 ± 10.4 with 7.2 µg/3,392 fmol.
We utilized the StuI digested fragment of pN-L 
because of its small size, but this does not represent 
the typical size of a transforming DNA. To investigate 
how the transformation efficiency depends on the size 
of the DNA, besides pN-L, we included four of its 
derivatives; pN-L-4kpb, pN-L-6kbp, pN-L-8kbp and 
pN-L-10kbp that once digested with StuI, provide 
a 4,014, 5,992, 8,006 and 10,012 bp long fragment 
respectively. These fragments carry exogenous 
sequences from C. albicans not coding any known 
ORFs that 1) minimizes the possibility of an unwanted 
recombination and 2) avoids the effect of a foreign 
gene’s expression on the viability of the transformants. 
Besides 900 ng, also 424 fmol DNA/reaction was 
applied to keep the DNA:CFU ratio fixed in all the 
setups. Figure 2b shows that increasing the size of the 
transforming DNA resulted in a decrease in the trans-
formation efficiency independently of whether it was 
measured in ng or fmol. Keeping the DNA:CFU ratio 
constant yielded more colonies, which represented 
a higher mass of DNA as the length of the fragment 
increased. The number of the transformants recovered 
using 4 kbp fragment was 506.7 ± 8.7 (ng condition) 
and 524.0 ± 14.1 (fmol condition); p = 0.36. However, 
as the size (and therefore the amount measured in ng) 
of the transforming cassette increased, the differences 
became significant. For example, 900 ng of the 6 kbp 
fragment (227 fmol) resulted in 252.7 ± 8.7 colonies 
while 424 fmol yielded 330.7 ± 7.9 colonies; p = 0.0027. 
In the case of the 8 kbp fragment, the average number 
of the colonies increased two-fold from 122.0 ± 13.5 
(900 ng/170 fmol) to 250.0 ± 7.2 (424 fmol); p = 0.0034.
Next we recorded how the fragments of different 
sizes influence the DNA uptake when applied in var-
ious amounts (Figure 2c). We found that as the amount 
of the transforming DNA increased, the efficiency of 
transformation was greater with the smaller fragments, 
reaching a maximum with 817.0 ± 40.3 colonies when 
the 4 kbp fragment was used. We also noticed that, in 
contrast to what we observed using the 3,214 fragment, 
these curves follow a saturation shape for the range 
over which the fragments were applied. As the length 
of the fragments increased the saturation occurred at 
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lower amounts of DNA. With the maximum number of 
transformants related to every given fragment size in 
mind, we calculated the „maximum effective amount” 
of the transforming DNA, where the further increment 
did not result in significantly more transformants. This 
was determined as 1,696 fmol (787.0 ± 48.5 colonies), 
1,696 fmol (549.0 ± 16.7 colonies), 848 fmol 
(320.7 ± 12.4 colonies) and 424 fmol (217.0 ± 20.2 
colonies) for the 4, 6, 8 and 10 kbp fragments, 
respectively.
Effect of ice
Current yeast protocol recommends keeping cells on 
ice from harvesting until the addition to the carrier and 
transforming DNA [11]. Figure 3a reveals that the 
average number of transformants was actually slightly 
higher when competent cells were prepared at room 
temperature (574.7 ± 32.4) compared to maintaining 
the cells on ice (522.7 ± 22.4), but this difference was 
not significant (p = 0.27). Thus, we proposed maintain-
ing the cells at room temperature for C. parapsilosis 
transformations.
PLATE induction
Figure 3b reveals the impact of exposing transforma-
tion competent cells to DMSO on the efficiency of 
the transformation. Immediate application of heat 
shock right after the addition of +DMSO/PLATE 
(3350) to the transformation competent cells resulted 
in an average of 421.7 ± 12.2 transformants. 
However, long incubations prior to heat shock sig-
nificantly increased the uptake of the transforming 
DNA. Interestingly the transformation efficiency was 
similar from 3 to 12 hours (692.0 ± 7.2 at 3 hours, 
Figure 2. Dependency of the transformation efficiency on the size and the amount of the transforming DNA. Competent cells were 
prepared according to the optimized steps of the protocol. A range of 112 ng (53 fmol) to 7,200 ng (3,392 fmol) of the 3,214 bp long 
fragment was applied in twofold dilutions in each transformation (Panel A). Plasmids encoding 4; 6; 8 and 10 kbp replacement 
cassettes were generated and used with the 3,214 kbp long fragment. Transformations were carried out with 900 ng as well as 424 
fmol of these sequences (Panel B). As a comprehensive analysis on the effect of size, the 4; 6; 8 and 10 kbp cassettes were applied in 
twofold dilutions from 3,392 fmol to 53 fmol/reaction (Panel C and D). All data points represent means of three independent 
transformations with SEM, except Panel D where the heat map was generated using the averages of the three independent 
experiments at each point.
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709.3 ± 28. 5 at 6 hours, 719.3 ± 11.6 at 9 hours and 
707.3 ± 14.6 at 12 hours). The number of transfor-
mants at 15 hours, 534.0 ± 19.6, was significantly 
greater than time 0 (p = 0.0128), but also signifi-
cantly lower than the other times evaluated 
(p < 0.01), after which it decreased at 15 hours. 
The differences between 3 (692.0 ± 7.2); 6 
(709.3 ± 28. 5); 9 (719.3 ± 11.6) and 12 
(707.3 ± 14.6) hour incubations were not significant 
from each other in any comparison. However, con-
sidering the length of the competent cell preparation, 
regeneration period and plating, the times between 3 
and 12 hours did not meet the regular daily routine 
of the laboratory; therefore, we selected the 15 hour 
incubation durations for all the upcoming 
experiments.
Length and temperature of heat shock
The effect of the length and temperature of heat 
shock on the recovery of C. parapsilosis transfor-
mants was investigated in a range of 6–21 min and 
40–48°C (Supplementary Figure S4A and B). 
Interestingly, transformants were identified in the 
absence of heat shock (123.0 ± 13.8). We found 
that heat shock at 44°C most consistently produced 
the highest numbers of transformants. The current 
standard of 15 minutes incubation at 44°C produced 
the maximum number (641.3 ± 11.6) of the transfor-
mants at this temperature, which was not signifi-
cantly different from the maximal number of 
transformants identified at 9 minutes at 46°C 
(656.0 ± 21.1; p = 0.58). Incubation at temperatures 
below 44°C resulted in significantly lower numbers of 
transformants except at 21 minutes where the 
recovered colonies were similar between 40, 42 and 
44°C (p > 0.05). Transformant numbers significantly 
declined over time with incubations at 48°C. The 
results supported the continued use of heat shock at 
44°C for 15 minutes.
Comparison of the protocols
In order to assess the overall efficiency of our mod-
ified protocol compared to that published by Holland 
et al. [11], we subjected the auxotroph strain CPL2 
and prototroph isolates to both methods. Figure 4 
demonstrates the outcomes between the methods. In 
the case of the CPL2 laboratory strain, the modified 
protocol resulted in one and two orders of magnitude 
more prototroph transformants than the reference 
method depending on the size of the fragment, with 
309.8 ± 8.8 versus 15.8 ± 4.8 (6 kbp; p < 0.0001) and 
193.3 ± 4.5 versus 3.5 ± 1.6 (10 kbp; p < 0.0001). 
This difference was also apparent when the fragment 
encoding the dominant selectable marker was applied 
to alter the same auxotroph strain, where the mod-
ified protocol resulted in 151.7 ± 6.2 transformants 
compated to 5.5 ± 0.6 (6 kbp; p < 0.0001) and 
39.8 ± 3.0 versus 0.8 ± 0.5 (10 kbp; p < 0.0001) 
colonies. The performance of the modified method 
was similar when the CLIB214 isolate, the parental 
strain of CPL2, was transformed as the modified 
protocol produced 98.5 ± 8.5 and 21.50 ± 1.1 colo-
nies while the Holland protocol resulted in 
6.000 ± 0.8165 and 0.6667 ± 0.2108 colonies when 
the 6 (p < 0.001) and the 10 kbp (p < 0.0001) frag-
ments were used, respectively. The modified protocol 
produced significantly more transformants with the 
clinical isolates CDC317 and GA1 (p < 0.05). 
Figure 3. Dependency of the transformation efficiency on the temperature of the competent cell preparation and the length of 
+DMSO/PLATE treatment. Cells were kept either on ice or at room temperature upon competent cell preparation (Panel A). Effect of 
the length of competent cells/ssDNA/transforming DNA incubation along with +DMSO/PLATE(3350) was tested over a range of 
0–15 hours (Panel B). All experiments were performed in triplicates. Data are presented as mean and SEM.Significance was calculated 
with unpaired t test with Welch’s correction.
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Although the environmental isolate CBS 2211 pro-
duced significantly more colonies with the modified 
protocol with both fragment sizes (p < 0.001), iso-
lates CBS 1954 and CBS 6318 produced similarly low 
(~less than 10 colonies) numbers of transformants 
with both protocols. Increasing the amount of trans-
forming DNA from 1 to 5 µg/transformation signifi-
cantly increased the colony yield for CBS 1954 using 
the modified protocol (p < 0.0001 for 6 kpb fragment 
and p < 0.05 for 10 kpb), although the total colonies 
were less than 30 (Supplementary Figure S5). In 
contrast, CBS 6318 transformants significantly 
increased using the Holland protocol when applying 
either transcript length (p < 0.0001).
Depositing
The transformation protocol takes a total of three 
days: day 1) inoculation; day 2) cultivation, competent 
cell preparation and setting up the 
transformation; day 3) heat shock and plating. A goal 
of our approach to modifying the methodology for 
C. parapsilosis was to shorten the time required for 
transformation, which we aimed to achieve by deposit-
ing competent cells for subsequent use. The cells were 
transformed with the 10 kb fragment that was the most 
challenging to manage as demonstrated in the previous 
experiments.
Figure 5 presents the viability and capacity for trans-
formation of C. parapsilosis competent cells stored 
under two conditions for one day to eight weeks. The 
viability of yeast cells stored in freezing solutions com-
prised of 5% (V/V) DMSO and 10% (V/V) glycerol in 
1x TELioAc decreased significantly by week 4 of freez-
ing, changing from 9.8 × 106 ± 4.6 x105 at time 0 to 
8.5 × 106 ± 3.3x105 (p < 0.05). Similarly, the number of 
transformants drecreased from 128.3 ± 3.8 to 
104.7 ± 5.8 (p < 0.05) over the 4 weeks. In contrast, 
cells stored in 30% (V/V) glycerol in 1x TELioAc freez-
ing medium had similar viability over eight weeks. 
However, the competence decreased as the number of 
transformants gradually decreased from 143.0 ± 6.7 to 
reach a significant reduction in recovery at week 8 to 
104.7 ± 7.6 colonies (p < 0.05). According to our find-
ings we recommend storage in 1x TELioAc supplemen-
ted with 30% (V/V) glycerol and using the competent 






Agar (Sigma)Distilled water for liquid/solid media
Nourseothricin (NTC) (for dominant selectable 
marker) (Jena Bioscence)
Yeast nitrogen base (YNB) (for auxotrophic select-
able marker) (Sigma)
10x Drop out solution (for auxotrophic selectable 




Polyethylene-glycol 3350 (PEG3350) (Sigma)
Sterile DMSO (Sigma)
Milli-Q bidistilled water
Salmon sperm DNA (10 mg/ml stock) (Sigma)
Figure 4. Comparison of the two protocols. One µg of the 6 
kbp (5,657 bp) (Panel A) or 10 kbp (9,677 bp) (Panel B) frag-
ments were applied carrying the dominant selectable marker 
CaSAT1. CPL2 transformed with pNRVL-LEU2-6/10 derivatives 
were applied as references. All experiments were performed 
in three biological parallels with two statistical parallels. Data 
are presented as mean and SEM. Significance was calculated 
with unpaired t test with Welch’s correction (* p < 0.05; ** 
p < 0.01; *** p < 0.001; **** p < 0.0001).
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37% (m/V) HCl (for pH adjustment) (Molar)
10 M NaOH (for pH adjustment) (Molar)
Transforming DNA
Equipment
1.5 ml microcentrifuge tubes
50 ml conical tubes
Centrifuge for 1.5 ml microcentrifuge tubes






Glass flask for cultivation





Prepare YPD liquid media for cultivation: 1% (m/V) 
glucose, 1% (m/V) peptone, 0.5% (m/V) yeast extract 
and autoclave.
Prepare 1.) minimal plates: 0.19% (m/V) yeast nitrogen 
base, 2% (m/V) glucose, 2% (m/V) agar and 1/10 volume 
of 10x Drop out solution after autoclave, or 2.) YPD-NTC 
plates: YPD liquid media + 2% (m/V) agar, autoclave and 
add NTC in a final concentration of 200 µg/ml. To 
prepare 10x TE use 0.5 M EDTA (pH = 7.5) and 2 M 
tris(hydroxymethyl)aminomethane (pH = 8) stocks solu-
tions. (Replace these solutions on a three month basis.)
Prepare 10x TE, 1 M lithium-acetate, and 55% (m/V) 
PEG3350 freshly on the day of the transformation. 
Sterilize these solutions and use as stocks to prepare 1x 
TELioAc (1/10 volume of 1 M lithium-acetate, 1/10 
volume of 10x TE and 8/10 volume of water) and 
+DMSO/PLATE(3350) solution (1/10 volume of 1 M 
lithium-acetate, 1/10 volume of 10x TE, 8/10 volume of 
55% (m/V) PEG3350. Mix this solution with sterile DMSO 
in a ratio of 10:1 and mix vigorously. Protect the mixture 
from light by covering the tube containing the +DMSO/ 
PLATE(3350) solution with aluminum foil. Use sterile 
Milli-Q water for the solutions and washing the cells.
Place 10 µl x (number of transformation + 1) salmon 
sperm DNA in boiling water in a microcentrifuge tube 
for 10 minutes and then cool it down rapidly on ice 
(ssDNA) and keep it on ice.
Perform experiment at room temperature unless 
otherwise stated.
For C. parapsilosis cultivation one can scale up the 
volume, but the volume of the suspension should not 
exceed 1/3 of the total volume of the flask.
Procedure
1.) Inoculate the strain in 5 ml YPD and incubate 
overnight at 30°C (~150 rpm)
Figure 5. Investigation of the viability and competence of deposited competent cells. Cells of CPL2 strain were prepared according 
to the modified protocol and suspended in two different freezing solutions. A) containing 5% (V/V) DMSO and 10% (V/V) glycerol in 
1x TELioAc (red symbols) and B) 30% (V/V) glycerol in 1x TELioAc (blue symbols). Three tubes were taken for viability test (solid 
symbols) and three for transformation with 1 µg of pN-L-10 fragment (empty symbols) on the day of the competent cell preparation 
(before freezing) and 1 day, 2; 4; 6 or 8 weeks after freezing. Significant drop in the viability or the competence was calculated with 
unpaired t test with Welch’s correction in comparison with the respective control conditions (* p < 0.05; ** p < 0.01).
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2.) On the other day adjust OD600 to 0.05 in YPD in 
a 250 or 500 ml glass flask and incubate at 30°C (~150 rpm)
3.) When OD600 1.34 ± 0.05, transfer 2.73 ml sus-
pension/transformation into a 15 or 50 ml falcon tube 
(depends on the volume)
4.) Centrifuge at ~2000 x g, 5 minutes
5.) Discard supernatant and wash the cells with half 
a volume of water (~2000 x g, 5 minutes)
(If You took for instance 20 ml of suspension, use 
10 ml of water), during this time
6.) Set up transformation mixtures in 1.5 ml micro-
centrifuge tubes on ice as follows:
10 µl ssDNA (bioled and ice cooled)
10 µl transforming fragment (100 ng/µl)
Mix contents, then spin the tubes down in a bench 
top centrifuge and keep them on ice
7.) Discard supernatant and suspend the cells in 1 ml 
1x TELioAc
8.) Centrifuge in a bench top centrifuge ~17,000 x g, 
1 minute
9.) Remove supernatant and suspend the pellet in 
50 µl 1x TELioAc/transformation
10.) Add 50 µl of this suspension to the reaction 
mixture from Step 6.) and mix gently
11.) Add 770 µl freshly prepared DMSO/PLATE 
(3350) solution immediately, then turn the tubes upside 
down and flick them gently three times to mix contents
12.) Incubate for 15 hours at 30°C overnight (Static)
13.) On the other day perform heat shock by placing 
the samples into a water bath (44 °C for 15 minutes)
14.) Centrifuge 17,000 x g, 1 minute (benchtop 
centrifuge)
15.) Carefully remove as much supernatant as 
possible
16.) Add 950 µl of YPD without disturbing the 
pellet, then turn the tubes upside down and flick 
them gently
17.) Centrifuge at 17,000 x g, for 1 minute (benchtop 
centrifuge)
18.) Remove as much supernatant as possible and 
suspend the pellet in 300 µl of YPD
19.) Incubate at 30°C with shaking (~150 rpm) for 
2 hours (auxotrophic selectable marker) or for 4 hours 
(dominant delectable marker)
20.) Centrifuge at 2,400 x g for 3 minutes (benchtop 
centrifuge)
21.) Remove 150 µl of supernatant
22.) Suspend the pellet in the rest of the supernatant 
and plate onto selective media
23.) Incubate at 30°C for 3 days (auxotrophic -) or 
2 days (dominant selectable marker)
Conclusions
In this study, we aimed to optimize the steps of the 
chemical transformation procedure for the global fun-
gal pathogen C. parapsilosis in order to simplify and 
improve the efficiency of genetic interventions. We 
based our approach on the currently utilized protocol 
commonly applied for C. parapsilosis transformations 
[11]. Our modifications decrease the number of steps 
required, provides the ability to utilize frozen compen-
tent yeast, and enables the transformation of even large 
fragments in this pathogenic fungus.
One important finding was the defining of the optimal 
cell harvest density together with the best dilution of the 
identified density. Although OD600 of 1 performed the 
best when undiluted, normalization of cells obtained 
from OD600 of 1.5 cultures to OD600 of 0.7 yielded the 
greatest numbers of transformants. The influence of 
DMSO in the PLATE solution was not a priori obvious, 
as we found that it depended on the density of the 
suspension and also on the molecular weight of the 
PEG used. This finding might provide an explanation 
to the controversial observations in the literature regard-
ing the effect of DMSO [28–30]. In our setup, we 
recorded the best result with the application of 
+DMSO/PLATE(3350), when cells were grown until 
OD600 1.34 and 2.73 ml suspension/transformation was 
applied. We found that cooling the cells during compe-
tent cell preparation did not significantly improve trans-
formation efficiency, and the most (or not significantly 
less) transformants were obtained when the competent 
cells were mixed with the ssDNA, the transforming frag-
ment and the +DMSO/PLATE(3350) solution as soon as 
possible. Interestingly ssDNA was not essential to gain 
transformants (when using 900 ng of the 3,214 bp frag-
ment), but obviously the efficiency increased to more 
than 3-fold when 100 µg was present, which correlates 
with other reports in yeast [32].
One of our major goals was to characterize the 
efficiency of DNA uptake in terms of its size and 
amount. Although transforming fragments are usually 
measured in µg, we decided to keep the CFU:DNA 
ratio constant to provide a more consistent compar-
ison. Independently of the amount applied, there was 
a negative correlation between the size of the frag-
ments and the number of the transformants. In the 
case of the 3,214 bp fragment this relationship was 
linear meanwhile in the range of 4–10 kbp, a plateau 
formed in every case in terms of the transformation 
efficiency, which occurred at lower amounts as the 
fragment size increased. This likely relates to a DNA 
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uptake mechanism delimited by the size of the trans-
forming fragment. This phenomenon might be due to 
the charge of the surface of the cells as the same 
amount of fragments (measured in fmol) provide 
more negative charges as their size increases, which 
might limit the attachment of further DNA fragments 
to the surface of the cell wall and, consequently, the 
transformation efficiency as well. These results provide 
evidence that the “more DNA results in more trans-
formant” expectation is valid only in a certain range. 
With this information in mind one can design trans-
formation experiments in a more cost- and time- 
effective way.
The protocols applied for C. albicans and 
C. parapsilosis originate from methods optimized for 
S. cerevisiae. For baker’s yeast, the optimum condi-
tions of heat shock is 42°C for 20 minutes [15]. 
Notably, Walther and Wendland proposed that this 
might not be sufficient for C. albicans, a species that 
is highly adapted to the human body temperature 
[28]. Therefore, we tested the effect of the length 
and temperature of the heat shock step on the trans-
formation efficiency. Our results confirmed the para-
meters described in the protocol of Holland and 
coworkers (44°C, 15 minutes); however, 46°C for 
9 minutes also proved to be effective [11]. We sur-
mise that lower temperatures likely fail to provide 
enough shock to promote DNA uptake, while higher 
temperatures likely harm the cells.
Testing our modified protocol in comparison with the 
one of Holland et al. with six prototroph isolates showed 
that the new methodology performed significantly better 
when either 6 (5,657) or 10 (9,677) kbp fragments were 
applied in five out of six isolates. The greatest difference 
was observed between the two protocols when CLIB214 
was transformed with 6 and 10 kbp fragments with 
increases in efficiency of 16.4x and 32.2x, respectively, 
possibly because the derivative of this strain was used to 
optimize the procedure. According to our observations, 
competence itself seems to be a strain dependent feature, 
indicating that further optimization might be necessary 
to develop methods for transforming different isolates. 
However, we also found that one could also simply 
increase the amount of transforming DNA to generate 
more transformants.
In summary, our modified method for 
C. parapsilosis transformation increases the efficiency 
of transformation and permits the use of larger DNA 
fragments. Moreover, the protocol permits the storage 
of frozen competent cells that maintain their transfor-
mation efficiency for several weeks, reducing the time 
for multiple genetic manipulation proceedures.
Acknowledgments
We are thankful to Prof. Geraldine Butler for kindly provid-
ing us CDC317, CLIB214 and CPL2 fungal strains. We thank 
Prof. Jozef Nosek for CBS 1954, CBS 2211, and CBS 6318 
fungal strains.
Disclosure statement
No potential conflict of interest.
Funding
A.G. was supported by grants 20391 3/2018/FEKUSTRAT, 
NKFIH K 123952, and GINOP-2.3.2.-15-2016-00035. A. 
G. and T.N. was additionally funded by LP2018-15/2018; 
Hungarian Scientific Research Fund [123952];Magyar 
Tudományos Akadémia [LP2018-15/2018];GINOP [2.3.2.- 
15-2016-00035].
Data availability statement
Plasmids generated in this study are available upon request, 
sequences are uploaded to GenBank. Accession numbers can 





[1] Bongomin F, Gago S, Oladele RO, et al. Global and 
multi-national prevalence of fungal diseases-estimate 
precision. J. Fungi (Basel, Switzerland). 2017;3. 
DOI:10.3390/jof3040057
[2] Levy I, Rubin LG, Vasishtha S, et al. Emergence of 
Candida parapsilosis as the predominant species caus-
ing candidemia in children. Clin Infect Dis. 1998;26 
(5):1086–1088.
[3] Hajjeh RA, Sofair AN, Harrison LH, et al. Incidence of 
bloodstream infections due to Candida species and 
in vitro susceptibilities of isolates collected from 1998 
to 2000 in a population-based active surveillance 
program. J Clin Microbiol. 2004;42(4):1519–1527.
[4] van Asbeck EC, Huang Y-C, Markham AN, et al. 
Candida parapsilosis fungemia in neonates: genotyping 
results suggest healthcare workers hands as source, and 
review of published studies. Mycopathologia. 2007;164 
(6):287–293.
[5] Qi L, Fan W, Xia X, et al. Nosocomial outbreak of 
Candida parapsilosis sensu stricto fungaemia in 
a neonatal intensive care unit in China. J Hosp Infect. 
2018;100(4):e246–e252.
[6] Tóth R, Nosek J, Mora-Montes HM, et al. Candida 
parapsilosis: from genes to the bedside. Clin. 
Microbiol. Rev. 2019;32(2):32.
VIRULENCE 949
[7] Butler G, Rasmussen MD, Lin MF, et al. Evolution of 
pathogenicity and sexual reproduction in eight 
Candida genomes. Nature. 2009;459(7247):657–662.
[8] Pryszcz LP, Németh T, Gácser A, et al. Unexpected 
genomic variability in clinical and environmental 
strains of the pathogenic yeast Candida parapsilosis. 
Genome Biol Evol. 2013;5(12):2382–2392.
[9] Ding C, Butler G. Development of a gene knockout 
system in Candida parapsilosis reveals a conserved role 
for BCR1 in biofilm formation. Eukaryot Cell. 2007;6 
(8):1310–1319.
[10] Gácser A, Trofa D, Schäfer W, et al. Targeted gene 
deletion in Candida parapsilosis demonstrates the role 
of secreted lipase in virulence. J Clin Invest. 2007;117 
(10):3049–3058.
[11] Holland LM, Schröder MS, Turner SA, et al. 
Comparative phenotypic analysis of the major fungal 
pathogens Candida parapsilosis and Candida albicans. 
PLoS Pathog. 2014;10(9):e1004365.
[12] Lombardi L, Turner SA, Zhao F, et al. Gene editing in 
clinical isolates of Candida parapsilosis using CRISPR/ 
Cas9. Sci. Rep. 2017;7(1):8051.
[13] Nosek J, Adamíková L, Zemanová J, et al. Genetic 
manipulation of the pathogenic yeast Candida 
parapsilosis. Curr Genet. 2002a;42(1):27–35.
[14] Zemanova J, Tomaska L, Nosek J. High-efficiency 
transformation of the pathogenic yeast Candida 
parapsilosis. Curr Genet. 2004;45(3):183–186.
[15] Gietz RD, Schiestl RH, Willems AR, et al. Studies on 
the transformation of intact yeast cells by the LiAc/ 
SS-DNA/PEG procedure. Yeast. 1995;11(4):355–360.
[16] Tóth R, Cabral V, Thuer E, et al. Investigation of 
Candida parapsilosis virulence regulatory factors dur-
ing host-pathogen interaction. Sci. Rep. 2018;8(1):1346.
[17] Nemeth T, Papp C, Vagvolgyi C, et al. Identification and 
Characterization of a neutral locus for knock-in purposes 
in C. parapsilosis. Front Microbiol. 2020;11:1194.
[18] Gonia S, Larson B, Gale CA. PCR-mediated gene mod-
ification strategy for construction of fluorescent pro-
tein fusions in Candida parapsilosis. Yeast. 2016;33 
(2):63–69.
[19] Nosek J, Tomáska L, Rycovská A, et al. Mitochondrial 
telomeres as molecular markers for identification of the 
opportunistic yeast pathogen Candida parapsilosis. 
J Clin Microbiol. 2002b;40(4):1283–1289.
[20] Laffey SF, Butler G. Phenotype switching affects bio-
film formation by Candida parapsilosis. Microbiology. 
2005;151(4):1073–1081.
[21] Gietz RD, Schiestl RH. Frozen competent yeast cells 
that can be transformed with high efficiency using the 
LiAc/SS carrier DNA/PEG method. Nat Protoc. 2007;2 
(1):1–4.
[22] Suga M, Hatakeyama T. A rapid and simple procedure 
for high-efficiency lithium acetate transformation of 
cryopreserved Schizosaccharomyces pombe cells. 
Yeast. 2005;22(10):799–804.
[23] Caraux G, Pinloche S. PermutMatrix: a graphical envir-
onment to arrange gene expression profiles in optimal 
linear order. Bioinformatics. 2005;21(7):1280–1281.
[24] Horváth P, Nosanchuk JD, Hamari Z, et al. The iden-
tification of gene duplication and the role of secreted 
aspartyl proteinase 1 in Candida parapsilosis virulence. 
J Infect Dis. 2012;205(6):923–933.
[25] Nguyen N, Quail MMF, Hernday AD. An efficient, 
rapid, and recyclable system for CRISPR-mediated 
genome editing in Candida albicans. mSphere. 2017;2 
(2):2.
[26] Ito H, Fukuda Y, Murata K, et al. Transformation of 
intact yeast cells treated with alkali cations. J. Bacteriol. 
1983;153(1):163–168.
[27] Tsang PWK, Cao B, Siu PYL, et al. Loss of heterozyg-
osity, by mitotic gene conversion and crossing over, 
causes strain-specific adenine mutants in constitutive 
diploid Candida albicans. Microbiology. 1999;145(Pt 
7):1623–1629.
[28] Walther A, Wendland J. An improved transformation 
protocol for the human fungal pathogen Candida 
albicans. Curr Genet. 2003;42(6):339–343.
[29] Hill J, Donald KA, Griffiths DE, et al. DMSO-enhanced 
whole cell yeast transformation. Nucleic Acids Res. 
1991;19(20):5791.
[30] Braun BR, Johnson AD. Control of filament formation 
in Candida albicans by the transcriptional repressor 
TUP1. Science. 1997;277(5322):105–109.
[31] Burgers PM, Percival KJ. Transformation of yeast 
spheroplasts without cell fusion. Anal. Biochem. 
1987;163(2):391–397.
[32] Schiestl RH, Gietz RD. High efficiency transformation 
of intact yeast cells using single stranded nucleic acids 
as a carrier. Curr Genet. 1989;16(5–6):339–346.
950 T. NÉMETH ET AL.
